Estrogen and prolactin play important role in mammary carcinogenesis. The present study was undertaken to evaluate the effect of prolactin and estrogen cross-talk on HIF-1 α level and expression of some HIF-1 α -dependent signaling proteins. Since up-regulation of prolidase activity inhibits HIF-1 α degradation, the enzyme was considered as an interface of estrogen/prolactin signaling. The experiments were performed on MCF-7 cells cultured with prolactin in the presence or absence of estradiol. It was found that in the presence of estradiol, prolactin inhibits prolidase activity and its down-stream signaling proteins: HIF-1α, mTOR, AKT and MAPK p-38, while in the absence of estradiol, an opposite effect was observed. These results suggest that prolactin/estrogen cross-talk exert beneficial effect on prolidase-dependent down regulation of HIF-1α. It suggests that dual action of prolactin and estrogen may be considered as a strategy in therapy of breast cancer.
The role of estrogen and their receptors in the promotion and development of breast cancer is well documented by epidemiological data and the therapeutical efficacy of antiestrogen therapy [1] . Similarly, it was shown that prolactin (PRL) also may play an important role in mammary carcinogenesis. PRL is a hormone synthesized as a 23-kDa peptide by the anterior pituitary gland, however it can be produced also locally by the tumor. PRL receptor (PRL-R) is overexpressed in 70-95% of primary breast tumors compared to normal adjacent tissue [2, 3, 4, 5] Prospective epidemiological studies have correlated circulating PRL levels with risk for estrogen receptor-alpha (ERα)-positive breast cancer in pre-and post-menopausal women [6] . However up to now the mechanism of prolactin action in breast cancer is not clear.
More direct evidence was obtained with estrogen receptor (ER) positive breast cancer cell lines in which estrogens were found to stimulate the proliferation of these cells both in culture [7] and in nude mice [8] . However, ER positive tumor cells are poorly metastatic compared to ER negative ones [9] and more responsive to antiestrogens [10] . It may suggest a regulatory role of estrogens in breast cancer cell metastasis.
The integrity of the extracellular matrix (ECM) is of critical importance for the maintenance of normal tissue. The interaction between cells and ECM proteins, e.g. collagen, can regulate cellular gene expression, differentiation, growth and plays an important role in tumorigenicity and invasiveness [11, 12] .
Estrogens are well known stimulators of collagen biosynthesis and cell growth in several cell types [13] [14] [15] . Cell locomotion requires extensive degradation of ECM components, including collagens [16] . Although extracellular metalloproteinases initiate the breakdown of collagen, the final step of its degradation is mediated by prolidase.
Prolidase (E.C.3.4.13.9) is the enzyme that catalyzes the final step in ECM degradation by releasing proline or hydroxyproline from the carboxyl terminus of imidodipeptides [17] . Our previous study showed that prolidase participates not only in post-transcriptional regulation of collagen biosynthesis but is involved also in regulation at transcriptional level [18] . Several reports suggest that prolidase through regulation of expression of growth factors and transcription factors, e.g. vascular endothelial growth factor (VEGF), hypoxia inducible factor 1α (HIF-1 α), transforming growth factor β (TGF-β) [18] [19] [20] may be important in many physiologic and pathologic processes like: wound healing, inflammation and angiogenesis. The most representative study demonstrated the role of products of prolidase activity, proline or hydroxyproline in regulation of HIF-1 α degradation. Overexpression of prolidase resulted in increased HIF-1 α levels and elevated expression of HIF-1 α dependent gene products, VEGF and glucose transporter-1 (Glut-1). Mechanism for the accumulation of HIF-1 α was due to the inhibition of von Hippel-Lindau (VHL)-dependent degradation [18] . It seems that in specific conditions, like that of hypoxia, the metabolic system senses ECM degradation as a stress condition which requires neoangiogenesis. It may have importance in inflammation [21] and prolidase deficiency [22, 23] .
Angiogenesis plays a key role in promoting tumorigenesis and metastasis. It is well established that prolactin has potent anti-angiogenic activity. The mechanism includes inhibition of potent angiogenic factor, VEGF [24] . On the other hand, crosstalk between PRL and estrogen is described. This phenomenon can occur at multiple levels. PRL increases ERα and ERβ transcription [25] , and enhances estrogen receptor sensitivity and signaling, that affect tumor differentiation [26, 27] . In MCF-7 cells, PRL and estrogen augment AP-1 activity through increased phosphorylation of p38, ERK1/2, c-Fos [28] and PI3K/AKT pathways [29, 30] . Phosphorylation of multiple serine residues can enhance ERα transcriptional activity even in the absence of estrogen, which may be further augmented by phosphorylation of coactivators by the same kinases [31] [32] [33] . Conversely, estrogen also can alter PRL-induced signaling. Estrogen upregulates transcription of PRL in breast cancer cells [34, 35] , enhancing the mammary PRL autocrine/paracrine loop.
The current study was therefore undertaken to characterize the effect of prolactin and estrogen cross-talk on prolidasedependent signaling in breast cancer (MCF-7) cell line.
Materials and methods
Materials. L-glycyl-L-proline, L-proline, and Dulbecco`s modified Eagle's medium with or without phenol red (DMEM) or controlled process serum replacement I, (CPSR1), sodium bicarbonate, penicillin, streptomycin, fetal bovine serum (FBS) used in cell culture, Dulbecco's phosphate buffered saline (DPBS), 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium liquid substrate reagent (BCIP/NBT), Prolactin was obtained from BioVision. Inc. Monoclonal (mouse) anti-phospho -MAPK (p-38, ERKs) antibody, Monoclonal (mouse) anti-phospho -AKT, anti-Rabbit IgG antibody, anti-Mouse IgG antibody, were purchased from Sigma Chemicals Co., USA, as were most other chemicals used. Monoclonal (mouse) anti-estrogen receptor α (ER α), polyclonal (rabbit) anti -NF-κB antibody was obtained from Santa Cruz Biotechnology, Inc., USA, polyclonal (rabbit) anti -phospho mTOR was provided by Cell Signaling Technology, Inc USA, prolactin receptor (PRL-R) was purchased from Alexis Biochemicals CA, USA and monoclonal (mouse) anti-HIF-1α was obtained from BD Transduction Laboratories, CA, USA. Nitrocellulose membrane (0.2 µm), sodium dodecylsulphate (SDS), polyacrylamide, molecular weight standards and Coomassie Briliant Blue R-250 were received from Bio-Rad Laboratories USA.
Cell cultures. The studies were performed on estrogendependent MCF-7 cells, expressing α and β receptor. It is well known that estrogens stimulate collagen biosynthesis [13, 14, 15] . MCF-7 cells were maintained in DMEM without phenol red supplemented with 10% CPSR1, 50 U/ml penicillin, 50 µg/ml streptomycin at 37°C in a 5% CO 2 incubator. Cells were cultured in Costar flasks and sub-confluent cells were detached with 0.05% trypsin, 0.02% EDTA in calcium-free phosphate buffered saline, counted in hemocytometer and plated at 5 x 10 5 cells per well of 6-well plates (Nunc) in 2 ml of growth medium. Cells reached about 80% of confluence at day 2 after plating and in most cases such cells were used for the assays.
Western blot analysis. Slab SDS/PAGE was used, according to the method of Laemmli [36] . After SDS-PAGE, the gels were allowed to equilibrate for 5 min. Prolidase activity. The activity of prolidase was determined according to the method of Myara [17] , which is based on colorimetric determination of proline using Chinard's reagent Cells were scraped off and centrifuged at 200 x g for 15 min and the supernatant was discarded. The cell pellet was suspended in 1 ml of 50 mM HEPES, pH 7.8, and sonicated for 3 x 10 seconds at 0°C. Samples were then centrifuged (12,000 x g, 30 min) at 4°C and the supernatant was used for protein determination (Bradford method). Activation of prolidase requires incubation with Mn(II): 100 µl of cell extract supernatant was mixed with 100 µl of 50 mM HEPES, pH 7.8 containing MnCl 2 at a final concentration of 1 mM in the mixture. After incubation for 24 hours at 37 o C, the prolidase reaction was initiated by adding 100 µl of the activated mixture to 100 µl of 94 mM glycyl-proline (Gly-Pro) for a final concentration of 47 mM. After additional incubation for 1 hour at 37°C, the reaction was terminated with the addition of 1 ml of 0.45 M trichloroacetic acid. To parallel blank tubes, trichloroacetic acid was added at time "zero". Samples were centrifuged at 10,000 x g for 15 min. The released proline was determined by adding 0.5 ml of the trichloroacetic acid supernatant to 2 ml of a 1:1 mixture of glacial acetic acid: Chinard's reagent (25 g of ninhydrin dissolved at 70°C in 600 ml of glacial acetic acid and 400 ml of 6 M orthophosphoric acid) and incubated for 10 min at 90°C. The amount of proline released was determined colorimetrically by monitoring absorbance at 515 nm and calculated using proline standards. Enzyme activity was reported in nanomoles of proline released per minute per milligram of protein.
Statistical analysis. For prolidase activity analysis, the mean values for 3 assays done in duplicates ± standard deviations (S.D.) were calculated. The results were analyzed by ANOVA method, accepting P < 0.05, as significant.
Results
It has been documented that estrogens up-regulate prolidase activity [15, 37] . In cultured cells, phenol red contained in medium mimics activity of estrogens [38] . We found that in MCF-7 cell incubated without phenol red in medium, expression of estrogen receptor α (ER α) was markedly reduced compared to cells cultured in medium with phenol red (Fig.1A ). An addition of 1 nM estradiol to cells cultured in phenol red slightly up-regulated ER α expression while had no effect on the receptor expression in cells cultured without phenol red. On the other hand the presence or absence of estradiol in medium had no effect on expression of prolactin receptor (Fig. 1B) However, prolactin up-regulated prolactin receptor (PRL-R) expression. The stimulation of PRL-R expression by PRL was more effective in cells cultured in medium without estradiol than in cells cultured in medium with estradiol (Fig. 1B) .
Therefore, in the further experiments we used breast cancer MCF-7 cells cultured in medium without phenol red, containing 10% CPSR1 with or without 1 nM estradiol. In order to evaluate the effect of PRL on estrogen -dependent prolidase activity we used different concentration of PRL. It was found that PRL, in the presence of estradiol, inhibits prolidase activity in MCF-7 cells in a dose dependent manner (Fig. 2) . However, in the absence of estradiol, PRL was found to stimulate activity of this enzyme. As can be seen from Fig.2, 1 nM estradiol is a potent stimulator of prolidase activity in MCF-7 cells. About 60% increase in prolidase activity was observed in the cells treated for 24 hours with medium containing 1 nM estradiol, compared to control without estradiol. An addition of PRL at 1 and 25 μM concentrations to the estradiol containing medium, inhibited the enzyme activity by about 20 and 30% respectively. An opposite effect was observed in medium without estrogen. In this case PRL induced increase in prolidase activity in a dose dependent manner. At 1 and 25 μM of PRL the activity of prolidase was close to values found in control -estradiol treated cells. in regulation of some transcription factors, as HIF-1 α, NF-κB, mTOR, we decided to evaluate the expression of these factors in studied cells in the same conditions as those described for prolidase activity experiment. We have found that in the presence of estrogen, PRL inhibited expression of HIF-1 α (Fig. 3A) and phosphorylation of mTOR (Fig. 3C ), but induced expression of NFκB in dose dependent manner (Fig.4A ). An opposite effect was observed in the absence of estrogen in the medium. In this case PRL drastically increased the expression of HIF-1 α (Fig. 3B) and phosphorylation of mTOR (Fig. 3D) , while it decreased the expression of NFκB in a dose dependent manner (Fig 4B) . In order to establish whether kinases, which regulate prolidase functions, MAP-kinases (ERK 1 /ERK 2 and p-38) and AKT are involved in PRL dependent functions, the expression of these proteins was analyzed by Western blot. As can be seen on Fig. 5 in the presence of estrogen in the medium, PRL induced inhibition of phosphorylation of AKT (Fig. 5A ) and phosphorylation of p-38 MAP kinase (Fig. 5C ). In the absence of estrogen in the medium an opposite effect was observed. PRL stimulated phosphorylation of AKT (Fig. 5B ) and phosphorylation of p38 (Fig. 5D) , while it had no effect on the phosphorylation of ERK 1 /ERK 2 either in the presence (Fig. 5E) or absence (Fig.5F ) of estradiol. In order to establish whether MAP-kinases, ERK1/2 and p-38 (known to regulate prolidase activity) and AKT are involved 
Discussion
Estrogens are known to stimulate the growth of normal and transformed cells, including epithelial cells [39] . The mechanism of their action involves interaction with estrogen receptor that after binding of ligand is targeted to the nucleus as a transcription factor [40] . Several studies documented increased risk of cancer in women with elevated circulating levels of estrogens [41] [42] [43] . However, activation of estrogen receptor is regulated not only by its ligands but also by number of factors, including kinases, phosphatases and growth factors [44] . For instance, in endometrial cancer cells, p38 mitogen-activated protein kinase (MAPK) signaling phosphorylates estrogen receptor α, promoting its nuclear localization [45] .
Despite the fact that estrogens play an important role in the promotion and development of female epithelial-derived cancer [46] , it has been postulated that estrogen receptor (ER) positive cancer cells are poorly metastatic compared to ER negative ones [9] . The mechanism of the regulatory role of estrogens in cancer cell growth and metastasis however is not understood. Although in this report we do not study growth and metastasis of MCF-7 cells, the approach to the understanding the effect of estrogens on the processes is focused on the role of PRL on prolidase-dependent signaling. Although it has been postulated that PRL increases breast cancer risk, some data suggest that it may be the key, two-sided, in human breast tissue homeostasis [47] . It seems that the action of PRL depends on the status of estrogen receptor activation. In this report we have shown such a mechanism in respect to regulation of prolidase activity. In the presence of estradiol, prolactin inhibited prolidase activity and its down-stream signaling proteins: HIF-1α, mTOR, AKT and MAPK p-38, while in the absence of estradiol, an opposite effect was found. Therefore depending on the presence or absence of estrogen receptor activation, prolactin may exert differential effect on prolidase activity.
It seems that in the context of breast cancer, the most important is contribution of prolidase to regulation of HIF-1α. The stability and activity of HIF-1α are regulated by various post-translational modifications, hydroxylation, acetylation, and phosphorylation. Under normoxia, the HIF-1α subunit is rapidly degraded via the von Hippel -Lindau tumor suppressor gene product (pVHL)-mediated ubiquitin-proteasome pathway. The association of pVHL and HIF-1α under normoxic conditions is triggered by the hydroxylation of prolines and the acetylation of lysine within a polypeptide segment known as the oxygen-dependent degradation (ODD) domain. On the contrary, in the hypoxia condition, HIF-1α subunit becomes stable and interacts with coactivators such as p300/ CBP to modulate its transcriptional activity. Overexpression of prolidase resulted in increased nuclear HIF-1α levels and elevated expression of HIF-1−dependent gene products, vascular endothelial growth factor (VEGF) and glucose transporter-1 (Glut-1). The activation of HIF-1-dependent transcription was shown by prolidase-dependent activation of HRE-luciferase expression. We used an oxygen-dependent degradation domain (ODD)-luciferase reporter construct as a surrogate for HIF-1α in an in situ prolyl-hydroxylase assay. Since this reporter is degraded by VHL-dependent mechanisms, increased levels of HIF-1α with prolidase expression were due to decreased hydroxylation. Additionally, the differential expression of prolidase in two breast cancer cell lines MCF-7 and MDA MB -231 showed prolidasedependent differences in HIF-1α levels [18] . These findings show that metabolism of imidodipeptides by prolidase plays a previously unrecognized role in angiogenic signaling, cell proliferation/survival, and glucose metabolism.
Another consequence of the cross-talk between estrogen and PRL was found at the level of NF-kB (known inhibitor of collagen gene expression) and MAPK signaling. In our study PRL in the presence of estrogen was found to stimulate expression of NF-kB and inhibit phosphorylation of p-38 but not ERK1/ERK2, while in the absence of estrogen an opposite effect was found. Both stimulation of NF-kB and inhibition of p 38 MAPK contribute to down regulation of collagen production that is linked to prolidase activity. NF-kB is known to be involved in inhibition of collagen gene transcription through binding to both α1 and α2 collagen promoter [48, 49, 50] . NF-B as transcription factor may regulate also apoptosis, cell proliferation, cell growth arrest, as well as angiogenesis via stimulation of vascular endothelial growth factor expression [51] . On the other hand MAPK p-38 is known as an signaling inductor of collagen production acting through up-regulation of TGFβ1 gene expression [52] . Inhibition of MAPK p-38 phosphorylation by PRL-estrogen cross-talk may also affect phosphorylation of estrogen receptor and its translocation to the nucleus [53] . All those activities of PRL-estrogen cross-talk may have also another consequences, as inhibition of collagen biosynthesis protecting against tissue fibrosis accompanying aging, oxidative stress, high blood glucose level and others [54, 55] . Decrease in collagen biosynthesis may also eliminate collagen as a ligand for integrins, that play important role in signaling in epithelial cancers, leading to cell proliferation. Interestingly all those activities requires participation of estrogen. What is the mechanism for the cross -talk between PRL and estrogen receptor needs to be resolved. Nevertheless, the data document for the first time the inhibitory effect of PRL-estrogen cross-talk on prolidase activity regulation and its down-stream signaling. It suggests that dual action of PRL and estrogen may be considered as a strategy in therapy of breast cancer.
Conclusions
These results suggest that prolactin requires estrogen to exert beneficial effect on prolidase-dependent down regulation of HIF-1α. It suggests that dual action of prolactin and estrogen may be considered as a strategy in therapy of breast cancer.
